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ABSTRACT 
This  paper w i l l  address key issues and oppor tun i t i es  i n  space pho tovo l ta i c  
research and technology r e l a t i v e  t o  f u t u r e  NASA miss ion requirements and 
d r i v e r s .  
c a p a b i l i t i e s  t h a t  a r e  on NASA's p lanning hor izon  t h a t  present  major technology 
chal lenges t o  the  use o f  photovo l ta ic  power generat ion i n  space. A b r i e f  
d e s c r i p t l o n  o f  t he  c a p a b i l i t i e s  ascr ibed t o  the  competing technologies o f  
nuc lear  and so la r  thermal power systems w i l l  be given. The performance goals 
t h a t  space pho tovo l ta i c  power systems must meet t o  remain compet i t i ve  w i l l  be 
descr ibed. 
Examples w i l l  be g iven o f  f u t u r e  space mlsslons and/or ope ra t i ona l  
INTRODUCTION 
The value o f  a passive, maintenance-free, renewable energy source was 
immediately recognized i n  the  ear ly  days o f  the  space program, and t h e  s i l i c o n  
so la r  c e l l ,  desp i te  I t s  in fancy ,  was q u i c k l y  pressed i n t o  serv ice .  E f f i c i e n -  
c i e s  o f  those e a r l y  space so la r  arrays were low, and l i f e t i m e s  sho r te r  than 
hoped f o r ,  bu t  w i t h i n  a decade s l g n i f i c a n t  advances had been made I n  bo th  
areas. Be t te r  performance was achieved because o f  a v a r i e t y  o f  f a c t o r s ,  rang- 
i n g  from improvements i n  s i l i c o n  s i n g l e  c r y s t a l  ma te r ia l ,  b e t t e r  dev ice  
designs, and a b e t t e r  understanding o f  the fac to rs  t h a t  a f f e c t  t h e  performance 
o f  a so la r  c e l l  i n  space. Chief  among the  l a t t e r ,  p a r t i c u l a r l y  f o r  geosynchro- 
nous (GEO) o r b i t s ,  were the e f fec ts  o f  t he  n a t u r a l l y  occu r r i ng  p a r t i c u l a t e  
r a d i a t i o n  environment. For over t w o  decades, f r o m  the  f i r s t  space a r ray  
launched on Vanguard i n  1958, scarcely 4 years a f t e r  t he  f i r s t  work ing s o l a r  
c e l l  was announced ( r e f .  l ) ,  t o  the present,  i t  has been taken f o r  granted t h a t  
s o l a r  ar rays are  the  power system o f  choice except f o r  c e r t a i n  spec ia l i zed  
space science missions. 
The decade o f  the  e i g h t i e s  has seen a r a p l d  acce le ra t i on  i n  t h e  demand f o r  
more soph is t l ca ted  technology i n  a l l  aspects of t he  space program. Nowhere, 
however, I s  t h i s  t rend more evldent than i n  the f i e l d  o f  space power system 
technology, where pro jec ted  power requirements span the  range f r o m  a few hun- 
d red  wat ts  t o  megawatts, w i t h  increased emphasis on h igh  performance, r e l i a b i l -  
i t y  and extended l i f e t i m e .  A t  t h e  same t ime, there  has been an increased 
awareness o f  t he  impact o f  l i f e  cycle costs  on the  t o t a l  c,ost o f  a space m i s -  
s ion,  p a r t i c u l a r l y  as space m i s s i o n s  become more l loperat ional "  i n  nature,  as 
w i l l  be the  case, e.g., f o r  a manned space s t a t i o n .  A l l  o f  these fac to rs ,  when 
coupled together ,  have spawned an in tense i n t e r e s t  I n  power generat ion us ing 
technologies which compete w i t h  photovol ta ics - v i z .  nuc lear  and s o l a r  thermal 
systems. It i s  imperat lve that  the space pho tovo l ta i c  cormunity understands 
f u l l y  the  na ture  o f  f u t u r e  mission requirements and d r i v e r s ,  and t h a t  i t  seeks 
t o  develop enabl ing new photovo l ta ic  power system technology t o  meet them. 
The ant ic ipa ted  energy requirements of f u t u r e  missions a re  i l l u s t r a t e d  i n  
f i g u r e  1 .  Research and technology programs are  needed t h a t  address the  a p p l i -  
c a b i l i t y  o f  photovo l ta ic  power systems t o  a wide range o f  power requirements, 
f r o m  hundreds o f  w a t t s  t o  mult ihundred k i l o w a t t s ,  and t o  a v a r i e t y  o f  opera t ing  
environments. Spec i f i c  a p p l i c a b i l i t y  t o  any g iven miss ion depends s t r o n g l y  on 
i t s  exact nature,  but there  are  c e r t a i n  system a t t r i b u t e s  f o r  var ious miss ion  
subsets t h a t  can serve t o  focus the R&T program. Table I conta ins a breakout 
o f  some impor tant  mission subsets, t h e i r  associated power l e v e l  requirements, 
and the key a t t r i b u t e s  pho tovo l ta i c  power systems should have t o  be use fu l  
there.  
. 
The key a t t r i b u t e s  f o r  a g iven miss ion subset have been l i s t e d  i n  r e l a t i v e  
p r i o r i t y  order,  w i th  t h e  caveat t h a t  the  r e l a t i v e  importance o f  any p a r t i c u l a r  
system f e a t u r e  f o r  an ac tua l  miss ion depends i n  a c r i t i c a l  way on the  outcome 
o f  system t rade-o f f  s tud ies .  
To assure continued v i a b i l i t y  f o r  the  use o f  s o l a r  energy i n  space i t  i s  
imperat ive t h a t  space photovo l ta ic  R&T e f f o r t s  p rov ide  both new technology 
f o r  ac tua l  use on f u t u r e  missions, and a s u f f i c i e n t  technology database so  t h a t  
mission planners can make system t rades w i t h  confidence. The des i red  system 
a t t r i b u t e s  l i s t e d  f o r  each o f  the  miss ion subsets should serve as guides f o r  
f u t u r e  technology th rus ts .  A t  the  c e l l  l e v e l ,  f o r  example, t h e  most Impor tant  
technology t h r u s t s  a re  h igh  e f f i c i e n c y  and r a d i a t i o n  to le rance.  A t  t h e  a r r a y  
l e v e l  t he  important t h r u s t s  a re  low mass, h igh  s t rength ,  and d u r a b i l i t y .  
Needed a r e  b lanket  and ar ray  s t r u c t u r a l  components f o r  h igh  performance arrays;  
advanced concentrator a r ray  components and panel development; and a more perva- 
s i ve  understanding o f  the  issues i n  t o t a l  spacecraft/power system i n t e g r a t i o n .  
The l a t t e r  i s  important t o  assure t h a t  advances i n  technology a t  t he  var ious  
l e v e l s  w i l l  r e s u l t  i n  ne t  t o t a l  system bene f i t s  t h a t  w i l l  have a r e a l  impact on 
miss ion p lann ing  and implementation. 
Wi th in  the  context  o f  the  p lanning hor izon  o f  NASA's  O f f i c e  o f  Aeronaut ics 
and Space Technology (OAST), which serves as the  Agency's advanced technology 
development overseer, R&T a c t i v i t i e s  i n  space power have been aggregated i n t o  
th ree  broadly  defined categor ies r e l a t i v e  t o  the  a r ray  o f  miss ion  subsets shown 
i n  t a b l e  I .  Two of the categor ies a re  High Capaci ty Power Systems and Space- 
c r a f t  And Rover Power Systems, which are  intended t o  p rov ide  focussed research 
t h a t  i s  more lmnedlately responsive t o  a n t i c i p a t e d  Agency miss ion  requirements. 
The longer  term, l e s s  focussed, h igher  r i s k  research i s  descr ibed as Base R&T, 
i n  which space m i s s i o n  requirements a re  addressed i n  a more gener ic  way than i n  
the  former two categor ies.  High capac i ty  power systems a r e  l oose ly  de f ined t o  
be those requ i red  t o  d e l i v e r  i n  excess o f  25 kW, w h i l e  spacecra f t  and rover  
power sys tems  a re  a l l  those below t h a t  l e v e l .  Obviously the re  i s  a c e r t a i n  
amount o f  a r b i t r a r i n e s s  i n  such d e f i n i t i o n s ,  bu t  they a re  use fu l  reminders t h a t  
there  has been e s s e n t i a l l y  no in-space experience w i t h  power l e v e l s  above 
25 kW. I n  what f o l l o w s  we s h a l l  rev iew the more impor tant  miss ion  d r i v e r s  i n  
the t w o  ca tegor ies  descr ibed above, discuss the  issues t h a t  a r i s e  as a r e s u l t ,  
and i n v e s t i g a t e  the techno log ica l  development requ i red  o f  space pho tovo l ta i cs  
if i t  I s  t o  compete e f f e c t i v e l y  w i t h  a l t e r n a t i v e  power system approaches f o r  
use on f u t u r e  missions. 
space power system requirements. The i n t e n t  i s  t o  develop t h e  contex t  w i t h i n  
which space photovo l ta ic  technology improvements must be pursued, and t o  d i s -  
p lay  and evaluate more r e a d i l y  the  p o t e n t i a l  impact on f u t u r e  miss ion  capab i l -  
i t y  t h a t  those technology improvements may have. 
Some a t t e n t i o n  w i l l  be g iven i n  t h i s  d iscuss ion  t o  
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HIGH CAPACITY SPACE POWER SYSTEMS 
Projections of power system characteristics based on continued use of flat 
plate silicon solar cell arrays have been used to preclude photovoltaics as a 
power generation source for large space systems. One aspect of this is illu- 
strated in figure 2, (ref. 2) which shows a comparison of projected specific 
power for a space nuclear power system (the SP-loo), an advanced solar dynamic 
power system, an IOC space station photovoltaic system design, and advanced 
silicon photovoltaic power system technology. The precipitous drop in solar 
array performance at the mid altitudes is the result of radiation damage incur- 
red while orbiting in the van Allen belts. It has been argued that such 
behavior precludes the use of solar arrays to provide power for any mission 
that must operate there, such as an electric propulsion orbit transfer vehicle, 
and that the only alternatives are either nuclear power or solar thermal sys- 
tems. Photovoltaic power systems, if they are to compete effectively for this 
appllcatlon, which will require power in the hundreds of kilowatts to several 
megawatts range, will need technology which significantly reduces radiation 
damage degradation at very high fluence levels. 
be developed which will allow the power system to spend from three to six 
months spiraling through the van Allen belts either without degradation, or 
with the ability to recover from any degradation that has occurred. In addi- 
tion, most mission scenarios appear to require that the array, during each leg 
of the full round trip, be able to emerge with a minimum specific power of 
100 W/kg. Storage is not required, since the OTV would be allowed to coast 
during eclipse. Lightweight photovoltalc cell and array technology must be 
developed that either provldes better shielding, or enables in flight anneal- 
ing, or essentially eliminates radiation damage degradation altogether. 
Clearly those are ambitious technology challenges. The payoff is enormous, 
however, since it would open the way to multimegawatt applications of photo- 
voltaics in space. A later section of this paper will outline some of the 
possible approaches for meeting the performance requirements set forth above. 
Advanced array technology must 
Specific power is not the only driver for high capacity power systems, 
however. As is well known, total mission costs have become a major concern f o r  
the NASA space station, and a significant contributor to such costs is that of 
reboosting the station periodically in Its orbit. Reboost becomes necessary 
because of the orbit decaylng drag produced by the residual atmosphere present 
at projected space station altitudes. For this reason it becomes Important to 
minimize the cross-sectional area of the station, since the drag forces will 
be directly proportional to It. Here, too, photovoltaic power systems face 
serious competition, this time because of the physical size of a conventional 
silicon cell array. Early space station system trade studies (ref. 3) showed 
that total mission costs of a space station equipped with a flat plate, single 
crystal silicon solar cell array would be excessive because of the continuing 
cost of reboost fuel resupply. As a result, the NASA space station program 
elected to undertake development of a solar dynamic power source, which, by 
virtue of its presumably higher efficiency and lower drag area, is projected to 
have more favorable lifecycle costs than a photovoltaic system. If PV is to 
compete effectively in this arena, photovoltaic/electrochemical storage systems 
are needed with orbital efficiencies approaching, and perhaps exceeding, 
20 percent. Clearly, a signlflcant fraction of the advance must come from more 
efficient, higher energy density storage technology. Nonetheless, arrays with 
area specific powers approaching 300 W/m2 must become available at reasonable 
cost to be able to challenge the competing technologies effectively. Again, 
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we s h a l l  deal  w i th  the quest ion of what s o r t  o f  PV technology developments a re  
needed t o  achieve such performance i n  a l a t e r  sec t i on  o f  the paper. 
SPACECRAFT AND ROVER POWER SYSTEMS 
The vast  ma jo r i t y  o f  space a c t i v i t i e s  f rom now through the  f i r s t  decade 
o f  the  t w e n t i e t h  century,  whether commercial, c i v i l i a n ,  o r  m i l i t a r y ,  w i l l  have 
power requirements i n  the  range from a few hundred wat ts  up t o  20 o r  30 kW. 
The key f e a t u r e  i s  t h a t  t he re  w i l l  be hundreds o f  such mlsslons, i n c l u d i n g  
i n t e r p l a n e t a r y  science, ea r th  observat ion,  and communication (bo th  commercial 
and m i l i t a r y ) ,  and as a r e s u l t  a megawatt o r  more o f  space power w i l l  be needed 
i n  t h a t  timeframe. 
f o r  e s t a b l i s h i n g  permanent manned bases on the  moon and f o r  manned v i s i t s  t o  
the  sur face o f  Mars, both o f  which may w e l l  occur e a r l y  i n  t h e  next  century .  
Such a vas t  a r ray  o f  missions w i l l  impose an equa l ly  var ied  se t  o f  requirements 
on the  power system needed f o r  each a p p l i c a t i o n .  I n  every case, however, t h e  
t r a n s p o r t a t i o n  system w i l l  be mass- l imi ted, w i t h  the  poss ib le  except ion o f  
e a r t h  t o  LEO launches on the  Shu t t l e .  Mass- l imi ted missions w i l l  i nc lude  LEO 
t o  GEO t rans fe rs ,  ea r th  t o  Lunar o r  Mars t r a n s i t s ,  o r  v i r t u a l l y  any i n te rp lane -  
t a r y  mission. There w i l l  a l so  be an inc reas ing  need f o r  a h igher  degree o f  
r e l i a b i l i t y  and autonomy on such spacecraf t  than i n  the  past ,  s ince  i t  w i l l  
become more and more impor tant  t o  assure the  lowest l i f e  c y c l e  costs  poss ib le  
du r ing  the  e n t i r e  mission. One o f  t he  major c o n t r i b u t o r s  t o  such cos ts  i n  many 
past  missions has been t h a t  o f  opera t iona l  ground support, which inc luded con- 
s t a n t  mon i to r ing  o f ,  and i ssu ing  comnands to ,  t he  spacecraf t  throughout i t s  
f l i g h t .  Future spacecraf t  w i l l  r e q u i r e  power subsystems t h a t  can f u n c t i o n  f o r  
long per iods o f  t l m e ,  perhaps i n  harsh environments, and t h a t  can be f a u l t  
t o l e r a n t  and se l f - co r rec t i ng .  I n  a word, f u t u r e  spacecraf t ,  i n c l u d i n g  sur face 
rov ing  veh ic les ,  w i l l  need power systems t h a t  a re  " l i g h t e r  and smarter"  t o  
accomplish t h e i r  ob jec t ives  w i thou t  undue r e s t r i c t i o n  o f  t h e i r  scope o r  
c a p a b i l i t i e s .  
There w i l l  a l so  be precursor  missions t o  he lp  l o c a t e  s i t e s  
Two o f  t h e  more e x c i t i n g  miss ion p o s s i b i l i t i e s  now being considered a re  
the  establ ishment o f  a permanent base on the  Moon, and manned v i s i t s  t o  t h e  
Mar t ian  sur face t o  explore the  p o t e n t i a l  f o r  e s t a b l i s h i n g  a base on t h a t  nearby 
p lane t .  Accomplishing e i t h e r  w i l l  t a x  our i ngenu i t y  t o  dev ise a miss ion  p l a n  
and t o  b u i l d  the necessary spacecraf t  and associated equipment. Although the  
u l t i m a t e  embodiment o f  such bases env is ions power generated by nuc lear  reac tors  
f o r  the  long term, an assumption which deserves t o  be chal lenged, the re  w i l l  
most l i k e l y  be a need f o r  i n t e r i m  power which i s  e a s i l y  deployed o r  erected, 
and which i s  ava l l ab le  e s s e n t i a l l y  i n s t a n t l y  w i t h  the  a r r i v a l  o f  t h e  f i r s t  
ast ronaut  c r e w s  a t  the s i t e s .  Such power systems w i l l  have t o  be as l i g h t  as 
poss ib le  ( h i g h  power t o  mass r a t i o ,  W/Kg), no t  on ly  t o  minimize t h e  cos t  o f  
t r a n s p o r t i n g  i t  t o  the moon o r  t o  Mars, bu t  a l s o  t o  a l l o w  f o r  as much o ther  
cargo and payload d e l i v e r y  t o  the  sur face as poss ib le .  The f i r s t  v i s i t s  w i l l  
most l i k e l y  requ i re  power systems d e l i v e r i n g  25 kWe o r  less  f o r  l i f e  and opera- 
t i o n a l  support  dur ing t h e  cons t ruc t i on  o r  deployment of t he  i n i t i a l  outpost  
components, and for any e a r l y  s c i e n t i f i c  i n v e s t i g a t i o n s .  
l a b l e s  I1 and 111 are  comparisons o f  system s p e c i f i c  powers f o r  a l l  t he  
competing power system technologies.  The column labe led  l lCurrent" i s  based on 
technology e i t h e r  a l ready i n  hand, as i s  the  case f o r  a PV/EC system, o r  under 
subs tan t i a l  development, as i s  the  case f o r  s o l a r  dynamic and nuc lear  power 
systems. l h e  column labeled "Future" represents the  performance t h a t  could be 
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expected of the  var ious system types by the  year 2000, assuming an approp r ia te  
l e v e l  o f  technology development I n  the  i n t e r i m .  I n  the  case o f  t he  nuc lear  
system, the "Current"  op t i on  i s  a downrated ( t o  25 kWe) SP-100 c lass  reac to r  
system, w h i l e  the  l'Future'l op t i on  js a smal l  reac to r  designed s p e c i f i c a l l y  f o r  
t he  expected power l e v e l  and mission requirements. The reac to r  o p t i o n  assumes 
var ious  l e v e l s  o f  p a r t i a l  sh ie ld ing  b u i l t  i n t o  the  system, and would c a r r y  some 
associated opera t iona l  cons t ra in t s  r e l a t i v e  t o  i t s  p rox im i t y  t o  t h e  outpost,  
and t o  any ast ronaut  a c t i v i t y  i n  c e r t a i n  r e s t r i c t e d  areas. The performance 
goals which the  separate a r ray  technologies need t o  achieve a r e  shown i n  
f i g u r e s  3 and 4. Improvements ranging from tw ice  t o  more than f i v e  t imes the  
s p e c i f i c  power o f  present  technologies w i l l  be requ i red .  
I t  i s  c l e a r  t h a t  a major d r i v e r  f o r  the nonnuclear system opt ions  f o r  
e i t h e r  o f  t he  two outpost  missions i s  t h a t  o f  energy storage. The Mar t ian  
n i g h t  I s  a l i t t l e  more than 12 h r  long, w h i l e  the  l una r  n i g h t  i s  two weeks 
long. (For the  l a t t e r ,  however, there are  the  p o l a r  regions where constant  
s u n l i g h t  1 s  a v a i l a b l e  a t  l e a s t  a t  graz ing angles t o  t h e  lunar  sur face. )  Except 
f o r  the  l a t t e r  p o s s i b i l i t i e s  as loca t ions  f o r  an outpost  on t h e  moon, the  s t o r -  
age system masses dominate the  t o t a l  power system masses on bo th  the  moon and 
Mars. Nonetheless, so la r  ar rays w i th  s p e c i f i c  powers approaching 300 W/kg ( a t  
AMO) w i l l  be requ i red  f o r  PV t o  remain compet i t i ve  f o r  these a p p l i c a t i o n s .  
An issue developing i n  the space science community a t  t he  present  t ime i s  
t h a t  o f  our a b i l i t y  t o  per form deep space missions. Previous missions have 
been ab le  t o  use rad io iso tope thermal generators,  o r  R T G ' s ,  t o  p rov ide  payload 
power f o r  journeys beyond Mars. Although such systems a re  heavy, t y p i c a l l y  
3 t o  5 W/kg, they are  compact, and can be located a t  t he  center  o f  mass o f  t he  
spacecraf t .  A t  i ssue i s  the  cont inu ing a v a i l a b i l i t y  o f  such power sources dur-  
i n g  the  next  decade and beyond, p a r t i c u l a r l y  i n  the  face o f  growing i n t e r e s t  
I n  them f o r  defense-related uses. Although n o t  s u i t a b l e  f o r  a l l  such missions, 
pho tovo l ta i c  power sources have the p o t e n t i a l  t o  meet some o f  t h e  needs i n  t h i s  
miss ion c lass .  F igure  5 i s  a p l o t  o f  very simple est imates o f  advanced tech-  
nology s p e c i f i c  power versus distance from the  sun ( 1  au = 1 e a r t h  rad ius  
(mean) f rom the  sun) f o r  several  competing power systems; a l i g h t w e i g h t  photo- 
v o l t a i c  a r ray  a t  300 W/kg, AMO,; a l i g h t w e i g h t  pho tovo l ta i c  concentrator  a r r a y  
a t  100 W/kg, AMO; an advanced so lar  dynamic system w i thou t  storage; a smal l  
reac tor ;  and a rad io iso tope thermal generator.  An u l t r a l i g h t  so la r  a r ray  a t  
300 W/kg a t  the  e a r t h ' s  o r b i t  could, i n  p r i n c i p a l ,  p rov ide  power even i n  the  
v i c i n i t y  o f  Saturn and be compet i t lve w i t h  R T G ' s .  A g rea t  deal  o f  d e t a i l  has 
been l e f t  ou t  o f  t h i s  comparison, and would need t o  be i nves t i ga ted  - such 
th ings  as environmental i n te rac t i ons ,  low temperature, low i n t e n s i t y  so la r  c e l l  
operat ion,  a r ray  s u r v i v a b i l i t y  and o p e r a b i l i t y ,  and so on. Although the re  i s  
no miss ion  push f o r  such technology a t  the present  t ime, demonstrat ion o f  key 
elements o f  i t  would he lp  t o  make i t  an a v a i l a b l e  a l t e r n a t i v e  f o r  f u t u r e  
cons idera t ion .  
CELL TECHNOLOGY REQUIREMENTS 
A s  po in ted  out  i n  the  f i r s t  paragraph o f  t h i s  sect ion,  t h e  f u l l  spectrum 
o f  space missions envis ioned f o r  the nex t  15  years o r  so, each w i t h  i n d i v i d u a l  
requlrements f o r  less  than 25 kW, could nonetheless consume a megawatt o r  more 
o f  power. 
lower the  cos t  o f  f u t u r e  space power systems, no mat te r  what the conversion 
C l e a r l y  I t  w i l l  become Imperat ive t o  improve the  c a p a b i l i t y  and 
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will be photovoltaic power systems, particularly for earth orbiting applica- 
tions such as communication satellites and so on. It therefore also becomes 
imperative to develop higher efficiency, lower cost, longer life solar cells 
and arrays. In particular, new, high efficiency, radiation hard solar cells 
will be necessary to be able to sustain the desired levels of space activity 
envisioned. A leading candidate in that regard is the InP homojunction cell, 
which recently has achieved 18 percent in the laboratory (ref. 4). The full 
development of of this cell type, and others like it yet t o  be discovered, will 
have a significant impact on the cost and capability of future space activity. 
Other cell types with the potential for major impact are multiple bandgap 
cells, which could make 30 percent AM0 conversion possible, at least under 
modest concentration (lOOX), and thin (5 pm) GaAs cells, which would enable 
ultrahigh specific power arrays with good radiation resistance. Also of inter- 
INDIUM PHOSPHIDE CELL RESEARCH 
est are certain of the thin film solar cells, such as amorphous silicon and 
copper indium diselenide. Although of lower efficiency than single crystal 
solar cells, they have shown evidence of radiation hardness which would make 
their lower efficiencies acceptable in many cases, provided they can be made 
to exceed 10 percent AMO. Major barriers which must be overcome include not 
only the efficiency, but also the stability o f  the materials. If such cells 
are successfully developed, however, they could usher in a new era of low cost 
space photovoltaic power system technology as never before envisioned. The 
paragraphs that follow will discuss briefly some specific cell technologies and 
issues, and relate them to the system level issues described above. 
I 
Figure 6 shows a plot of calculated ideal efficiency as a function of 
bandgap in the AM0 solar spectrum (ref. 5). 
Si, GaAs, and InP are shown on the figure. Reason for the interest shown i n  
GaAs by the space community is self-evident: it has a higher theoretical effi- 
ciency than silicon. An important property not depicted by this curve, how- 
ever, is the efficiency of a solar cell after exposure to the naturally 
occurring charged particle radiation found in the space environment (primarily 
trapped electrons and protons, and solar flare protons). Calculations predict- 
ing that behavior are difficult to make, with the result that any cell material 
and design must undergo radiation testing to determine Its spaceworthiness. 
Such testing is usually done in ground-based facilities, since the cost of 
spaceflight testing and verification is extremely expensive, and opportunities 
are limited. However, groundbased experiments suffer from some uncertainty 
because it is simply not possible to duplicate the particle and energy distri- 
bution that may be encountered at various orbits and at various times. Only 
after years of effort has it become possible to refer to an equivalent radia- 
tion dose for silicon solar cells using l MeV electrons from an accelerator. 
For example, it is now accepted that the accrued damage in a silicon solar cell 
after exposure in an accelerator to a 1 MeV electron fluence of 3x1014 cm-2 
Is equivalent to that acquired after 7 years in geosynchronous orbit with a 
150 pm coverglass on the cell. 
The locations of the bandgaps of 
It is also common practice to quote the behavior of other cell types after 
The uncertainties caused by this approach can only be resolved by space- 
exposure to the same laboratory fluence, so that initial comparisons can be 
made. 
flight testing coupled with extensive cataloging of laboratory irradiation 
results. With the preceding caveat, figure 7 depicts the projected behavior 
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of  InP, GaAs, and s i l i c o n  c e l l s  as a f u n c t i o n  o f  o r b i t  a l t i t u d e  ( r e f .  6). The 
comparison i s  made between spec i f l c  powers f o r  t he  same i n i t i a l  a r ray  ou tpu t  
before exposure. 
reduced a r ray  area (and hence reduced balance-of-system mass) needed f o r  h igher  
e f f i c i e n c y  so la r  c e l l s .  A l l  a r ray weights a re  based on an advanced l i g h t w e i g h t  
a r r a y  concept ( r e f .  7), the  technology f o r  which i s  c u r r e n t l y  be ing developed 
i n  the  NASA PV program. The BOL e f f i c i e n c i e s  a r e  measured numbers f o r  S i  and 
GaAs, and a pred ic ted  value o f  20 percent f o r  InP. As t h e  f i g u r e  shows, a 
l i g h t w e i g h t  InP a r ray  should have super io r  performance compared t o  e i t h e r  o f  
the  o ther  two ma te r ia l s .  Equal ly  impor tant ,  such an InP a r r a y  w i l l  have a 
s p e c i f i c  power i n  the  r a d i a t i o n  be l t s  t h a t  i s  a f a c t o r  o f  t en  b e t t e r  than the 
best  so la r  a r ray  t h a t  has been flown t o  date. As mentioned, a c t u a l  e f f i c i e n c i e s  
i n  InP (AMO) a re  near 18 percent  ( r e f .  4 ) .  F igure  8 sumnarizes t h e  s i t u a t i o n .  
InP c e l l s  a re  i n  the  very e a r l y  stages o f  t h e i r  development. 
experience w i t h  GaAs and Si , there i s  l i t t l e  reason t o  doubt t h a t  20 percent  AM0 
e f f i c i e n c i e s  can be achieved. 
The d i f f e r e n c e  i n  BOL s p e c i f i c  powers I s  caused by t h e  
Based on our 
A very i n t e r e s t i n g  app l i ca t i on  o f  InP may w e l l  be i n  a concent ra to r  a r ray ,  
w i th  the  c e l l  opera t ing  temperature kept  above 100 O C .  F igures 9(a)  and (b) 
show why ( r e f s .  8 and 9) .  
damage has been observed i n  e a r l y  InP c e l l s  a t  temperatures s l i g h t l y  above 
100 "C. I f  s i m i l a r  behavior can be maintained i n  h igh  e f f i c i e n c y  c e l l s ,  and 
shown t o  apply t o  p ro ton  damage as w e l l ,  t he  p o s s i b i l i t y  e x i s t s  t o  produce h i g h  
e f f i c i e n c y ,  h igh  s p e c i f i c  power, r a d i a t i o n  hard so la r  a r rays  f o r  use i n  h i g h  
r a d i a t i o n  environments. Projected s p e c i f i c  power f o r  such ar rays  range as h igh  
as 100 W/kg, and w i t h  advanced storage c a p a b i l i t i e s ,  r a d i a t i o n  i n s e n s i t i v e  
e a r t h  o r b i t i n g  system s p e c i f i c  powers o f  50 W/kg are  a p o s s i b i l i t y .  
t i o n  o f  such goals would make photovo l ta ic  power systems c l e a r  winners over any 
o ther  technology now under i nves t i ga t i on ,  as shown i n  f i g u r e  10. 
Complete anneal ing o f  e lectron- induced r a d i a t i o n  
Real iza-  
ADVANCED SOLAR CELLS 
The l i s t  o f  advanced so la r  c e l l  candidates c u r r e n t l y  under i n v e s t i g a t i o n  
f o r  space use i s  q u i t e  extensive,  and cannot be discussed i n  d e t a i l  here. O f  
i n t e r e s t ,  however, i s  the  development o f  t h e  Stanford p o i n t  con tac t  s i l i c o n  
c e l l  ( r e f .  l o ) ,  f o r  two reasons. The f i r s t  i s  the c e l l  i t s e l f ,  which, w i th  i t s  
h i g h  e f f i c i e n c y ,  could f i n d  use i n  r a d i a t i o n  benign missions, o r  perhaps i n  a 
system which provides s u i t a b l e  p ro tec t i on  f rom space r a d i a t i o n ,  such as i n  a 
concentrator  a r ray .  C lear ly ,  the s e n s i t i v i t y  o f  t h a t  c e l l  t o  r a d i a t i o n  damage 
i s  a major issue. The second i s  whether t h a t  design cou ld  be u t i l i z e d  i n  any 
o f  t h e  111-V c e l l  mater ia ls ,  such as GaAs and InP. Weizer and Godlewski have 
shown t h a t  e f f i c i e n c i e s  exceeding 25 percent  AM0 are  pass ib le  a t  one sun I n  
such a c e l l ,  based on ma te r ia l  and opera t ing  parameters a l ready  achieved i n  
labo ra to ry  devices ( r e f .  11). Developing such a c e l l  f o r  use i n  concentrated 
s u n l i g h t  could w e l l  r e s u l t  i n  e f f i c i e n c i e s  above 28 percent  AMO. 
i ssue  t o  be addressed i s  t he  r a d i a t i o n  to le rance o f  such a device, s ince  i t s  
successfu l  opera t ion  i s  c r i t i c a l l y  dependent on main ta in ing  d i f f u s i o n  lengths  
long enough t o  p rov ide  good current  c o l l e c t i o n .  A p ro jec ted  des ign c a l l s  f o r  
approximately 1 percent coverage by the  j u n c t i o n  area t o  achieve h igh  open c i r -  
c u i t  vo l tage.  If the dots a r e  1 pm i n  diameter, d i f f u s i o n  lengths  on t h e  order  
o f  100 pm w i l l  be requi red.  Such numbers have been observed i n  very pure, 
l i g h t l y  doped mate r ia l  ( r e f .  1 2 ) .  A lso c r i t i c a l  i s  t he  development o f  a good 
pass i va t i on  technique f o r  the  GaAs sur face regions between the  j u n c t i o n  dots .  
Much work remains t o  be done on t h i s  c e l l  be fore  i t  i s  a p r a c t i c a l  r e a l i t y ,  bu t  
Again, a key 
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i t s  p o t e n t i a l  f o r  improving the  a p p l i c a b i l i t y  o f  pho tovo l ta i cs  f o r  space m i s -  
s ions makes I t  an impor tant  technology t o  i n v e s t i g a t e .  
Development o f  a super-high e f f i c i e n c y  GaAs c e l l  has another i n t e r e s t i n g  
Figure 10 conta ins p l o t s  of t he  e f f i c i e n c y  contours of a two 
The bottom c e l l  bandgap i s  t he  o rd ina te  o f  each p l o t ,  and the  t o p  
i m p l i c a t i o n .  
j u n c t i o n  tandem solar  c e l l  i n  a two te rmina l  and a f o u r  te rm ina l  c o n f i g u r a t i o n  
( r e f .  13).  
c e l l  bandgap i s  the abscissa. The c a l c u l a t i o n  i s  f o r  l O O X  AMO, and a c e l l  tem- 
pera ture  o f  80 O C .  As w i th  the  t e r r e s t r i a l  spectrum, t h e  optimum bandgaps a r e  
near 1.75 and 1.1 eV, and as the  f i g u r e  shows, an i d e a l  e f f i c i e n c y  o f  
35 percent  AM0 i s  expected. 
20 percent  conversion e f f i c i e n c y ,  w i t h  the  remainder coming f rom the  1.1 eV 
bottom c e l l .  The f i g u r e  a l so  makes c l e a r  t h e  d e s i r a b i l i t y  o f  us ing  f o u r  
instead o f  two terminals :  there  I s  a wider range o f  acceptable bandgaps f o r  t he  
former case. Even more Impor tan t ly ,  a f o u r  te rm ina l  c e l l  w l l l  have a g rea te r  
to le rance f o r  rad lat ion- induced damage. The reason i s  s t r a i g h t f o r w a r d  - a two 
te rmina l  c e l l  requi res cu r ren t  matching between top  and bottom c e l l  f o r  optimum 
performance. Anythlng, such as r a d i a t i o n  damage, which causes a mismatch w i l l  
lead q u i c k l y  t o  degraded t o t a l  performance. I n  a f o u r  te rm lna l  con f i gu ra t i on ,  
however, t he  two c e l l s  a re  e l e c t r i c a l l y  independent o f  each o ther  so t h a t  t h e  
e f f e c t  w i l l  n o t  be compounded as r a p i d l y .  Complexity w i l l  increase a t  the  
ar ray  l e v e l ,  admi t ted ly ,  because e s s e n t i a l l y  two power c o n d i t i o n i n g  c i r c u l t s  
must be employed. The presumption I s  t h a t  t h e  increased performance w i l l  be 
worth t h e  e x t r a  e f f o r t .  Also o f  i n t e r e s t  i s  t h e  performance t h a t  migh t  be 
achieved by combining a do t  j u n c t i o n  GaAs concentrator  c e l l  w i t h  a s l i g h t l y  
lower bandgap bottom c e l l  o f ,  e.g., InGaAs. A combinat ion o f  f u l l  sur face area 
j unc t i ons  cou ld  w e l l  e x h i b i t  30 percent  e f f i c i e n c y  under ccncent ra t lon ,  and 
output  should be enhanced by the  do t  geometry t o  something w e l l  i n  excess o f  
t h a t .  Even assuming t h a t  p r a c t i c a l  e f f i c i e n c i e s  r e q u i r e  d i scoun t ing  the  ca lcu-  
l a t i o n s  by a few percentage po in ts ,  e f f i c i e n c i e s  i n  the  low t o  mid 30 percent  
range could be feas ib le .  
I n  t h i s  case t h e  t o p  c e l l  must have about 
A key element i n  much o f  what has been discussed above i s  t he  use o f  con- 
cent ra ted  sun l i gh t  f o r  space power systems. Proper ly  designed concentrator  
ar rays can prov ide subs tan t i a l  b e n e f i t s  f o r  space power systems i n  terms of 
r a d i a t i o n  p ro tec t i on  and increased e f f i c i e n c y ,  and the re  i s  a major development 
program underway a t  t h e  present t i m e  by the  A i r  Force t o  demonstrate such tech- 
nology ( r e f .  14 ) .  As p resen t l y  envisioned, such ar rays  o f f e r  no improvement 
i n  s p e c i f i c  power. They w i l l  be I n  the  range f rom 20 t o  30 W/kg, making them 
comparable t o  c u r r e n t l y  f l y i n g  p lanar  ar rays.  Meeting t h e  space power system 
performance goals o u t l i n e d  e a r l i e r  i n  t h i s  paper w i l l  r e q u i r e  t h e  development 
o f  space-qual i f ied,  l i g h t w e i g h t ,  low cost,  h igher  o p t i c a l  e f f i c i e n c y  (e.g., 
r e f r a c t i v e )  elements, and low mass, h igh  s t reng th  a r r a y  s t ruc tu res .  The 
increased o p t i c a l  e f f i c i e n c y  o f  a r e f r a c t i v e  element compared t o  a double 
r e f l e c t i n g  element I s  an enabl ing f a c t o r  f o r  a r r a y  area s p e c i f i c  powers 
approaching 300 W h 2 ,  and power t o  mass r a t i o s  approaching 100 W/kg. 
the  burden of r a d i a t i o n  res is tance w i l l  s t i l l  be a major c e l l  issue,  and i s  the  
reason f o r  cons ider ing InP c e l l s  i n  t h i s  contex t .  The degree o f  s h i e l d i n g  pro- 
v ided by an advanced concentrator  a r ray  w i l l  most l i k e l y  be lower than t h a t  
envis ioned f o r  some o f  t he  cu r ren t  designs, which r e l y  on heavy o p t i c a l  e le -  
ments f o r  sh ie ld ing .  
such lenses i s  a major i ssue ye t  t o  be addressed, b u t  t h e  p o t e n t i a l  payoff I n  
improved system performance i s  s i g n i f i c a n t .  
However, 
The space s u r v i v a b i l i t y  of m a t e r i a l s  s u i t a b l e  f o r  making 
. 
CONCLUSION 
We have reviewed b r i e f l y  the na ture  o f  t he  requirements t h a t  must be 
addressed f o r  the  successful  a p p l i c a t i o n  o f  pho tovo l ta i c  power genera t ion  i n  
space. The oppor tun i t i es  are chal lenging, bu t  overcoming them should p rov ide  
s i g n i f i c a n t  new c a p a b i l i t i e s  f o r  a v a r i e t y  o f  f u t u r e  space missions. F a i l u r e  
t o  address them Increases the  r i s k  t h a t  miss ion Dlanners w i l l  t u r n  t o  comDet- 
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technologies t o  accomplish t h e i r  goals.  
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TABLE I .  - SPACE POWER SYSTEM ATTRIBUTES 
System 
1 O C  so la r  dynamic 
PV a r rayhegen.  f u e l  c e l l  
PV a r ray /ba t te ry  
Primary f u e l  c e l l  
(30 day operat ion)  
Nuclear 
(smal l  reac to r )  
Mlss lon subset 
Current, 
W/kg 
1 t o  3 
3 t o  5 
1 t o  2 
0.5 t o  1 
7 t o  15 
(downsized 
SP-100) 
Unmanned near Earth (LEO, 
HLO, GEO) and p lanetary  
app l i ca t l ons  
Space s t a t l o n  
GEO p l a t f o r m  
Lunar base, manned 
p lanetary  
E l e c t r l c  Propuls ion 
O r b i t  Transfer  ( O W )  
Power l e v e l  system 
~ 
Low t o  In te rmed ia te  
High 
In termediate 
In te rmed ia te  t o  High 
High 
~~ 
A t t r l b u t e s  
Low Mass, Long L i f e  
Minimum Area, Low Cost, 
Low Mas s 
Long L i f e ,  Low Mass 
Low Mass, P o r t a b l l i t y  
Long L i f e  
Reusab l l i t y ,  Minimum Area 
Low Mas s 
TABLE 11. - EXPLORATION POWER SYSTEMS MANNED MARS 
OUTPOST SPECIF IC  POWER COMPARISON 
Future,  
15 t o  20 
1 t o  1.5 
15 t o  20 
TABLE 111. - EXPLORATION POWER SYSTEMS LUNAR OUTPOST 
S P E C I F I C  POWER COMPARISON 25 kWe, 2 WEEK STORAGE 
System 
Sol a r d y naml c 
PV array/RFC 
Primary f u e l  c e l l  
Nuclear 
( requ l res  resupply 
every four  weeks) 
(smal l  reac to r )  
I 
Current, 
W/kg 
0.17 
(5660 kg/kWe) 
0.80 
Future, 
W/kg 
0.45 
(2200 kg/kWe) 
4 
7 t o  15 15 t o  20 
(downs1 zed 
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Figure 9. - Radiation damage removal in InP. 
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Figure 9. - Concluded. 
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Figure 10. - Specific power versus time. 
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